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Abstract9
The complexity in structure and locomotion of cephalopods, such as the octopus, poses difficulties in modeling and10
simulation. Their slender arms, being highly agile and dexterous, often involve intense deformations, which are hard11
to simulate accurately, while simultaneously ensuring numerical stability and low diffusion of the transient motion12
results. Within the Immersed-Boundary framework, this paper focuses on an arm geometry performing prescribed13
motions that reflect octopus locomotion. The method is compared with a Finite-Volume numerical approach to deter-14
mine the mesh requirements that must be employed for sufficiently capturing, not only the near wall viscous flow, but15
also the off-body vortical flow field in intense forced motions. The objective is to demonstrate and exploit the gener-16
ality of the immersed boundary approach to complex numerical simulations of deforming geometries. Incorporation17
of arm deformation was found to increase the output thrust of a single-arm system. It was further found that sculling18
motion combined with arm undulations provides an effective propulsive scheme for an octopus-like arm.19
Keywords: Computational fluid dynamics (CFD), aquatic locomotion, biological propulsion, large deformations,20
immersed boundary method21
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1. Introduction22
The appendages of cephalopods (i.e., the arms and tentacles of squids and cuttlefish, the octopus arms, and the nau-23
tilus tentacles) are elongated muscular structures, composed of a tight 3D musculature maintaining constant volume24
despite large deformations (termed muscular hydrostats [1]). Cephalopods may use their arms and, for squids and cut-25
tlefish, also their fins, to perform a large repertoire of movements and behaviors [2, 3]. We are interested in investigat-26
ing the individual role of octopus arms in aquatic locomotion and the generated hydrodynamic forces, which have not27
been explored in detail. Studies of fish swimming (as well as of bird flight) have shown that various marine animals,28
as well as birds, are able to exploit and control perturbations found in the surrounding fluid (e.g. vortices and eddies),29
in order to limit the levels of energy consumption and augment the produced thrust [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14].30
This work aims to investigate the flow dynamics around intense octopus-like motions, in an attempt to shed light on31
the underlying mechanisms and the energetics of cephalopod swimming.32
The main difficulty in numerical flow simulations around time-varying geometries involving intense motions, is33
that the computational grid must deform over time, following the motion of the body (body-fitted methods). Finite34
volume (FV) body conforming methods include mesh deformation techniques that fulfill the geometric conservation35
requirement [15, 16] for small deformations and can provide high-fidelity results. These methods have the advantage36
of capturing in great detail the boundary layer around the swimming body and can simulate flows at high Reynolds37
numbers. They also allow for a direct application of the boundary conditions on the moving body. However, the mesh38
generation is demanding and the computational cost, for methods involving moving mesh or re-meshing strategies at39
every time step during a simulation, can be significantly high. For large grid deformations, in particular, re-meshing40
may affect the stability and accuracy of the numerical scheme [15].41
Fixed-grid numerical methods, on the other hand, have attracted much attention in recent years, particularly for42
complex fluid-structure interaction problems. The advantage of these methods is their efficiency in handling arbitrarily43
large deformations with relatively low computational cost, since no mesh-updating strategies are involved. Instead,44
the effect of the moving body is defined on a fixed computational domain through the addition of external forces45
in the governing equations of motion. The external force field must satisfy the no-slip condition of the fluid on the46
moving solid body. Some of the challenges that fixed-grid methods face are related to the accurate definition of the47
2
A. Kazakidi et al. / Computers & Fluids 00 (2015) 1–24 3
moving body with respect to the fixed domain, and the successful application of the boundary conditions. The best-48
known fixed-grid numerical method for moving bodies is the immersed boundary method (IBM) of Peskin (1972)49
[17, 18], where a delta function is implemented for the distribution of the surface forces over several mesh nodes50
around the moving body, in order to avoid numerical instabilities. This produces smearing of the interface and, hence,51
immersed boundary methods require increased spatial resolution around the moving body. Further developments in52
this approach are limited to solutions with moderate Reynolds numbers [19, 20]. Approaches that overcome these53
shortcomings are the immersed interface method (IIM) [21] and the hybrid Cartesian/immersed boundary method54
(HCIB) [22, 23, 24, 25].55
Here, we focused on the use of an immersed-boundary HCIB approach [24, 25] to implement and study prescribed56
deformations, because of its robustness and handling capability. The mesh requirements for capturing the boundary57
layer and evaluate accurately the generated hydrodynamic forces were determined by comparing the method with58
a finite-volume approach [26, 27]. This investigation lies within a well-known field of research on aquatic animal59
locomotion, on which there exists a considerable amount of literature [4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 28]. Nev-60
ertheless, many questions on aquatic swimming remain unanswered, in particular for cephalopods. This work seeks61
to study the flow dynamics around intense octopus-like motions, utilizing computational fluid dynamic techniques on62
time-varying arm geometries performing prescribed motions. It also aims to demonstrate and exploit the generality63
of the immersed boundary approach to complex numerical simulations of such geometries. Incorporation of arm de-64
formation was found to increase the output thrust of a single-arm system. It was further found that sculling motion65
combined with arm undulation is an effective propulsive scheme for an octopus-like arm.66
The remainder of the paper is organized as follows: Section 2 discusses the arm kinematics and the numerical67
frameworks utilized; Section 3 presents flow simulations around an arm with and without the effect of prescribed68
deformation; Section 4 summarizes the scopes of this study and concludes with suggestions for further work.69
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Figure 1: (a-c) Snapshots of octopus swimming in an aquarium [29]. The images are superimposed with segmented
midlines of a single arm, color-coded according to the 3D arm reconstruction of (d), following the process described
in the text. (d) The 3D arm trajectories are plotted here after translation of the starting point (here the eye of the
octopus) to zero [30, 31, 32]; all dimensions are in millimetres. The plot concerns only the power stroke part (closing
of the arms) of a more-complicated arm-swimming motion.
2. Methods70
2.1. Octopus arm kinematics71
Figures 1a-1c show snapshots of an octopus performing arm-swimming motion in an aquarium [29]. The images72
also depict the topological skeleton (midline) of a single arm, after being extracted automatically, for every snapshot,73
following the process described in detail in Yekutieli et al. [33]. Such 2D midlines can be extracted, similarly, from74
multiple cameras, synchronized to record the motion of live octopus. Using a set of three high-definition cameras and75
a checkerboard pattern for camera calibration [30, 31], the intrinsic and extrinsic camera parameters were estimated,76
according to a traditional grid based calibration technique [34]. This process allows for a robust calculation of the77
world Cartesian coordinates from the projective pinhole camera coordinates. By employing epipolar geometry con-78
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straints and least-square approximation, between each camera view, the 3D reconstruction of the medial axis of an79
individual arm was obtained for every video frame [31, 32]. Figure 1d displays the reconstructed 3D trajectories of80
the arm indicated in Figures 1a-1c; the trajectories are plotted after translation, such that their starting point (corre-81
sponding, here, to the eye of the octopus) is at zero position at all times. This allows identification of the arm motion82
separately from the motion of the animal’s body. The motion of the arm during swimming is evidently complex and,83
therefore, such motions are in general difficult to model. However, the motion can be simplified and be broadly char-84
acterized by a primary rotation around the starting position, and a deformation with time. Such approach is useful in85
capturing the fundamental characteristics of complex movements and was also used in this work.86
2.2. Arm geometry and motion approximation87
A first attempt to model realistic movements of individual cephalopod appendages, such as the reconstructed88
trajectories shown in Figure 1, is to consider simplified rotations of a slender octopus-like arm, around its fixed base.89
The arm was approximated with a right circular conical frustum, of a 9.75:1 taper ratio (length, L, to base-diameter,90
D) and a 17.5:1 aspect ratio (length to mean-diameter), for numerical simulations in quiescent fluid (Figures 2, 3). The91
temporal variation of the angular velocity ω(t) and the angle of rotation φ(t) may take various forms for a two-stroke92
motion profile, in which the arm rotates upwards and downwards in a cyclic way. Here, we examine two basic profiles,93
as displayed in Figures 2a, 2b: a sinusoidal oscillation, and a sculling profile [35, 36, 37, 38] of different velocity ratio94
β between a relatively slow upstroke (termed as recovery stroke [35]) and a considerably faster downstroke (termed95
power stroke [35]). These motion profiles originate from observations of live octopus and analysis of the reconstructed96
3D arm trajectories, during arm-swimming motion, in the way described in the previous paragraph and presented in97
Figure 1. The profiles can be formulated as follows:98
Oscillation : ω(t) = −Asin(t), 0 ≤ t ≤ T , (1)
5
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99
S culling : ω(t) =


P1(t), 0 ≤ t ≤ t1;
−ωr, t1 < t ≤ Tr − t1;
P2(t − Tr), Tr − t1 < t ≤ Tr + βt1;
ωp, Tr + βt1 < t ≤ T − βt1;
P3(t − T ), T − βt1 < t ≤ T ,
(2)
where A is the amplitude of oscillation, ωr is the angular velocity of the recovery stroke (upstroke), and ωp = βωr100
is the angular velocity of the power stroke (downstroke). The times t1 =
A
18ωr
and Tr =
61A
30ωr
are, respectively, those101
required by ω(t) to reach the value of −ωr, from zero, and the recovery stroke duration. The time Tp = −
3
5β
(β2 + 60)t1102
is the power stroke duration, and T is the total duration of the cyclic motion (T = Tr + Tp for sculling). The functions103
P1, P2, P3 are 4
th degree polynomials, defined such that ω(t) is C2 continuous at all times and the area integral over104
one period of the cyclic motion is zero, as follows:105
P1(t) = −2ωr
t
t1
+ 2ωr
t3
t3
1
− ωr
t4
t4
1
, 0 ≤ t ≤ t1;
P2(t − Tr) = 2ωr
t−Tr
t1
− 2ωr
(t−Tr)
3
t3
1
− ωr
(t−Tr)
4
t4
1
, Tr − t1 < t ≤ Tr;
P2(t − Tr) = 2ωr
t−Tr
t1
− 2ω3r
(t−Tr)
3
ω2pt
3
1
+ ω4r
(t−Tr)
4
ω3pt
4
1
, Tr < t ≤ Tr + βt1;
P3(t − T ) = −2ωr
t−T
t1
+ 2ω3r
(t−T )3
ω2pt
3
1
+ ω4r
(t−T )4
ω3pt
4
1
, T − βt1 < t ≤ T .
(3)
In addition to purely sinusoidal and sculling rotations of the arm, we investigate the effect of prescribed arm106
deformations [39, 40] in the form of traveling-wave undulations, which are in synchrony with the corresponding107
rotation frequencies (Figures 2c, 2d). The time-dependent deformation is imposed in a single direction (in the x−axis),108
that is, vertically to the longitudinal axis of the arm, according to the following function109
d(z, t) = mz sin(2piwz − 2pi f{r,p}t + 2piχ{r,p}), (4)
where m is the scaled amplitude of the undulatory deformation and w is the number of wavelengths propagating along110
6
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the arm. For both the sinusoidal oscillation and sculling motions, the values of m = 0.1 and w = 0.05 were assumed.111
f{r,p} is the frequency of the traveling wave during the recovery and power strokes, respectively, and χ{r,p} is the phase112
shift for the recovery and power strokes, respectively.113
For oscillation + undulation: fr = fp =
1
T
, χr = χp = 0.
For sculling + undulation: fr =
1
2Tr
, fp =
1
2Tp
, χr =
Tr−2Tp
4Tr
, χp = 0.25 −
Tr
2Tp
.
(5)
It is noted, that as a result of the unidirectional deformation, the arm elongates negligibly during the cyclic motion,114
and the tip acquires slightly sharper edges than when undeformed (Figures 2e, 2f).115
All numerical solutions are initiated with an undeformed arm, at rest. A sigmoid function was applied to the defor-116
mation d(z, t) only for the first few time steps of the 1rst cycle, in order to create small increments of the deformation117
displacement and facilitate the simulation. The expression assumed for the sigmoid was as follows118
S (t, a, b) =
1
1 + e−a(t−b)
, (6)
where a represents the growth rate and b sets the displacement of the sigmoid function along the arm’s length. For119
both sinusoidal oscillation and sculling, the values of a = 9 and b = 0.9 were chosen. S (t, a, b) was equal to 1 for120
t > 0.25T , during sinusoidal oscillation, and for t > Tr, during sculling.121
Wake vortex topology in the simulations was visualized by the λ2 criterion, as proposed by Jeong and Hussain122
(1995) [41], according to which, a vortex core is located at regions where the second eigenvalue λ2 of the S
2+Ω2 tensor123
is negative (S and Ω correspond, respectively, to the symmetric and antisymmetric parts of the velocity gradient). The124
helicity, H, was also used for the identification of the vortical structures. Helicity is a measure of the angle between125
the vectors of velocity, u, and vorticity, ω = ∇ × u, defined as H =
∫
u · ω dV [42] in volume V , and describes the126
topological linking and direction of rotation of vortex lines [43, 44].127
7
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Figure 2: (a) Sinusoidal oscillation and (b) sculling motion profiles, displaying temporal variation of angular velocity
and angle of rotation, for each case. (c-d) Time-dependent spatial deformation prescribed on the arm in the form of
wavelike undulations that match up with the corresponding frequencies of oscillation and sculling. (e) Oscillatory
rotation around the arm base combined with wavelike arm undulation of the same frequency (A = 20◦). (f) Sculling
rotation around the arm base combined with arm undulation in synchronized sculling frequencies, using the profiles
shown in (b) and (d) (A = 10◦). Numerals are distinguished in left and right columns: (a), (c), (e), and (b), (d), (f). (L
is the arm length; m is the scaled amplitude, cf. Equation 4.)
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2.3. Governing equations and numerical approaches128
A Newtonian fluid was assumed, governed by the incompressible Navier-Stokes equations [45, 46], according to129
the following formulation130
∂u
∂t
+ (u · ∇)u = −
1
ρ
∇p + ν∇2u, (7)
∇ · u = 0, (8)
where u=[u, v, w] is the velocity vector, ρ is the fluid density, p is the pressure, and ν is the kinematic viscosity. The131
Reynolds number, ReD = UD/ν, is a characteristic of the flow, where U is a velocity scale, and D is, here, the base132
diameter of the octopus-like arm. Typical values of the Reynolds number for motions of octopus arms in seawater are133
of the order of 1000 [47, 48]. This value (ReD = 1000) was therefore adopted also in the current simulations, for a134
Reynolds number based on the arm base diameter [49, 14].135
Two numerical approaches were used initially (Figures 3, 4) to determine the mesh requirements that must be136
employed for sufficiently capturing the boundary layer in the investigated forced motions: a finite volume (FV) and137
an immersed boundary (IB) approach. The rest of the computations (Figures 5 - 11) were performed with the IB138
approach.139
Finite Volume (FV) framework: The FV numerical simulations were carried out with Fluent (ANSYS, Canons-140
burg, PA) by utilizing a second-order upwind discretization scheme for momentum, a second-order pressure dis-141
cretization scheme and the SIMPLE algorithm for pressure-velocity coupling. The ANSA (BETA CAE Systems S.A.,142
http://www.beta-cae.gr) mesh generation package was used to construct body-fitted prismatic elements at the near wall143
region of the arm within unstructured hybrid-type meshes. The spatial discretization around the arm was found more144
than sufficient to numerically capture the boundary layer growth and vortex generation during the arm movement, en-145
abling accurate evaluation of viscous flow effects. A volume mesh of 18.76x106 tetrahedral elements was constructed146
in a computational domain that was 46D in the x-direction, 31D in the y-direction and 20D in the z-direction; the147
arm base was located 15D away from the upstream and lateral edges of the domain. The entire mesh rotated as a148
solid body without deformation and a moving mesh strategy, available in the flow solver, was adopted, allowing the149
9
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high-resolution computational mesh to follow the arm at all instances of the cyclic movement. The quality and density150
of the mesh in the near-wake field, guarantees high resolution of the near-wall region and good preservation of the151
generated vortex patterns, with little diffusion, thus ensuring high fidelity and accuracy in our computations [14].152
Immersed Boundary (IB) framework: The IB solution was computed using the curvilinear/immersed boundary153
(CURVIB) method, described in detail in Gilmanov and Sotiropoulos (2005) [24] and Ge and Sotiropoulos (2007)154
[25]. The code uses an immersed-boundary approach to solve the time-dependent, incompressible Navier-Stokes155
equations in generalized curvilinear coordinates. The fluid domain is discretized with a background curvilinear fixed156
grid, while the immersed body is treated as a sharp-interface boundary, discretized with an unstructured mesh. The157
position of the immersed body is tracked and its motion is accounted for by reconstructing the solution at the IB158
nodes in the immediate vicinity of the fluid/solid interface, using a quadratic interpolation (2nd order accurate) [24].159
Nodes inside the solid immersed body (solid nodes) are blanked out and do not affect the solution on the fluid nodes.160
Pressure-field boundary conditions at the IB nodes are not explicitly required because of the hybrid formulation of the161
method [24]. Discretization in time is performed implicitly via a second-order accurate fractional step method for the162
time integration of the governing equations.163
The CURVIB method is coupled with the matrix-free Newton-Krylov solver, available in the PETSc library, for164
the implicit solution of the momentum equations, and a very robust, multigrid-preconditioned GMRES solver, for the165
solution of the pressure-correction equation [25]. The flow solver is parallelized using the MPI and PETSc libraries.166
The background fluid mesh is parallelized by assigning a set of grid nodes to each processor using the PETSc’s167
modules, which also manage parallel communications for structured mesh problems. The walltime per one step of168
the simulations with the CURVIB method (e.g. for those of Section 3.4), was 0.019 hrs, for a run of 800 steps per169
one cycle. The CURVIB method has been extensively validated and applied to a range of problems [50], e.g. vortex-170
induced vibrations; pulsatile, physiological, transitional flow in mechanical heart valves; aquatic swimming [12, 51];171
turbulent flow in rivers with hydraulic structures; and flows past wind turbine rotors.172
In this study, a 20 million structured cuboid grid was used for the fluid domain of the case solved with the173
IB method. The grid extended 30D in both the x- and z-directions and 15D in the y-direction. A second, 1.5-174
times smaller domain in the z−direction was constructed with 13 million structured elements to run the preliminary175
10
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(b)(a)
Figure 3: (a) Finite-volume solution, and (b) immersed-boundary solution of an octopus-like arm performing sinu-
soidal oscillation in the xz-plane. Instantaneous iso-contours of the λ2 criterion [41] showing vortex topology (λ2=
-5).
comparative studies of Figures 3a, 3b. In both grids, an inner region of size 8D x D x 2D was constructed with a176
uniform mesh, with an element spacing of h = 0.02D, to enclose the arm tip at all instances during the cyclic motions177
and to sufficiently capture the fine details of tip-initiated flow separation. The remaining grid was stretched towards178
this inner region with the use of a hyperbolic tangent stretching function. The aspect ratio of the largest corner element179
was 1.56.180
The total hydrodynamic force, F, acting on the moving arm can be decomposed into the three Cartesian compo-181
nents (Fx, Fy, Fz), along the x, y and z directions of the computational domain. The hydrodynamic force coefficients182
(CFx,CFy,CFz) are defined as follows:183
CFi =
Fi
1
2
ρU2A
(9)
where i = {x, y, z} and A is the reference area, here taken as the projected frontal area of the undeformed arm.184
3. Results185
3.1. Results of sinusoidal oscillation of the arm186
A solid-body sinusoidal oscillation was examined first with both the FV and IB numerical approaches, to verify187
the mesh requirements for sufficiently capturing the boundary layer growth around the arm. The arm rotated around188
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Figure 4: Comparison of the hydrodynamic force coefficients calculated by two numerical approaches, for an arm
performing sinusoidal oscillation in the xz-plane. The solid line is evaluated by the Finite Volume (FV) method,
whereas the dotted line by the Immersed Boundary (IB) method.
its base with a time-varying angular velocity ω(t) according to Equation 1, with A = 20◦ (figure 3). Although small in189
magnitude, the motion resulted in two counter-rotating vortices on the trailing sides of the arm, for each stroke. Figure190
3 shows vortex topology at the end of the second cycle, visualized as instantaneous iso-contours of the λ2 criterion191
(according to Jeong and Hussain, 1995 [41]). The result of Figure 3a is calculated by the finite-volume method, as192
described in Section 2.3, and that of Figure 3b, by the immersed-boundary method, on the somewhat coarser mesh193
(13 million elements, cf. Section 2.3). In the FV case, the computational mesh rotated together with the arm, whereas,194
in the IB case, the background grid was fixed. The presence of two counter-rotating vortices originating from the tip195
and extending along the lee side of the arm, at a close distance from the wall, up to about half the arm length, was196
confirmed in both solutions.197
The CFx and CFz force coefficients are displayed in Figures 4a, 4b, respectively, as a function of the angle of198
rotation. Time-periodicity was achieved after about 2 periods. The results show that the force components varied199
with the angle of rotation: for CFz, the motion produced positive thrust during upstroke and negative thrust during200
downstroke, resulting in an effectively almost zero forward thrust in the positive z-direction (integral of the CFz curve201
with respect to the angle of rotation for one complete period). The solutions obtained from both the finite-volume and202
the immersed-boundary approaches are in good agreement.203
Figures 5a, 5c display instantaneous vortex structures, as obtained with the IB approach, from later times of the204
12
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cyclic motion at maximum amplitudes, using the finer grid (20 million elements, cf. Section 2.3). During most of this205
solid-body sinusoidal oscillation, the angular frequency is small, reaching maximum values only for a few instances.206
In addition, the amplitude and time duration of the motion are relatively large, allowing the vortices to diffuse between207
recurrent upstrokes and downstrokes of the arm. Nevertheless, few seemingly non-canonical vortical structures appear208
in the wake of the arm for both time instances presented.209
3.2. Results of sinusoidal arm oscillation combined with arm undulation210
The sinusoidal rotation of the arm (motion profile of Figure 2a) was subsequently combined with a wavelike211
arm undulation, according to Equation 4 and the parameters described in Section 2.2. The time-dependent spatial212
deformation along the arm’s length is illustrated individually in Figure 2c, in which the dashed lines correspond to the213
upstroke (numerals from 1 to 4) and the solid lines to the downstroke (numerals from 5 to 8). The arm undulation is214
adjusted to be in synchrony with the sinusoidal rotation of the arm; therefore, the arm acquires maximum deformation215
at the maximum angle of rotation. As Figure 2e shows, incorporation of the undulation to the sinusoidal rotation,216
produces considerable deformation to the arm during the cyclic motion. The figure shows the deformed arm at217
instances where the activation function d(z, t) is in full effect along the entire arm. Arm positions colored with light218
gray correspond to the upstroke (numerals 1 to 4), whereas darker-colored positions correspond to the downstroke219
(numerals 5 to 8). These positions can be tracked also in Figures 2a and 2c at the respective instances.220
Figures 5b and 5d show vortex topology at positions of maximum arm deformation (and rotation). (It is noted that221
the xz−plane is slightly rotated for better visualization of the vortical structures near the tip.) Two counter-rotating222
vortices appear again in the lee side of the arm with respect to the direction of motion (upstroke and downstroke),223
although they are deformed, following the deformation of the arm wall. These figures also display an increased224
separation of flow from the tip, as compared to the undeformed arm at the same time instances (Figures 5a, 5c).225
There appears to be greater flow disturbance in the region near the tip’s leeward side, shedding an extended street226
of non-canonical vortices in the wake, of opposite helicity. The increase in the flow separation from the tip may227
admittedly be enhanced by the unidirectional deformation that slightly distorts the tip. Nevertheless, the deformation228
itself increases the angle of attack for a bigger section of the arm near the tip, encouraging the disturbance of flow229
during both upstroke and downstroke.230
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Figure 5: Instantaneous near-wake vortex patterns for sinusoidal oscillation around the arm base (a, c) without and
(b, d) with arm undulations, obtained with the IB approach. Instances are shown at positions of maximum amplitude
(a-b) t = 2.75T and (c-d) t = 3.25T (λ2 = −1). Positions at the opposite maximum amplitude are also depicted with
light color, to indicate the direction of movement and the angular span. Note that the xz−plane is rotated for a better
visualization of the vortical structures.
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Figure 6: Evolution of vortical structures visualized according to helicity, on a fixed plane near the middle of the arm,
at a distance 0.67L from the arm base, for sinusoidal oscillation combined with arm undulation. (Left) Positions of the
arm with respect to the plane. (Right) Helicity contours at t = (a) 1.35T (middle of upstroke, recovery), (b) 1.725T
(end of upstroke, recovery), (c) 1.85T (middle of downtroke, power), (d) 2T (end of downstroke, power). Instances in
(b) and (d) correspond to instances shown in Figures 5b and 5d, respectively. Arrows show direction of movement.
Figures 6 and 7 display the evolution of vortical structures visualized according to helicity, on fixed planes near231
the middle of the arm, at a distance 0.67L from the arm base, and the tip of the arm, at a distance 0.93L from the232
arm base, respectively. There is considerable flow separation from the arm tip throughout the cyclic motion. Near the233
middle of the arm, the evolution of the flow is different. The well-formed counter-rotating vortices appear to be the234
main contributors to the generated thrust. These results are in consistent with the λ2 vortex topology of Figures 5b235
and 5d.236
3.3. Results of arm sculling237
A second cyclic motion was investigated, termed as sculling [52, 35, 36, 37], by adopting the motion profile of238
Figure 2b. According to Equation 2 and the parameters described in Section 2.2, the motion is composed of a slow239
recovery (upstroke) and fast power (downstroke). Here, the following values were assumed: A = 10◦ ωr = 10
◦/sec240
and β = 3. This motion profile was prescribed by a set of polynomial expressions P1, P2, P3, according to Equations241
2 and 3, to allow C2 continuous transitions between the constant values of ωr and βωr of the sculling. The solid-body242
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Figure 7: Evolution of vortical structures visualized according to helicity, on a fixed plane near the tip of the arm, at
a distance 0.93L from the arm base, for sinusoidal oscillation combined with arm undulation. (Left) Positions of the
arm with respect to the plane. (Right) Helicity contours at t = (a) 1.35T (middle of upstroke, recovery), (b) 1.725T
(end of upstroke, recovery), (c) 1.85T (middle of downtroke, power), (d) 2T (end of downstroke, power). Instances in
(b) and (d) correspond to instances shown in Figures 5b and 5d, respectively. Arrows show direction of movement.
motion examined here involves a smaller angular span than the sinusoidal oscillation described earlier.243
Figure 8a depicts instantaneous vortical patterns as observed at the end of the recovery stroke (at t = 1.725T) and244
Figure 8c at the end of the power stroke (at t=2T). Much like in the sinusoidal oscillation, the two counter-rotating245
vortices at the lee side of the arm are formed during this motion too; however, they appear thinner and somewhat more246
detached from the arm’s wall. The angular frequency has considerably large values for the duration of the sculling247
movement, taking the value of ωr for the most part of the cycle and then reaching the maximum value of βωr for248
almost one quarter of the cycle. In addition, the amplitude and time duration of the overall motion are relatively small249
(high fr and fp frequencies). Therefore, vortical structures generated in previous cycles do not diffuse in time for the250
subsequent upstroke and downstroke, and they continue to be visible in the flow field (vortical structures seen below251
the arm). The speed of the motion appears to result in abrupt separation from the tip, with very little shedding in the252
wake (as compared to the non-canonical vortices being shed during the slow sinusoidal oscillation, cf. Paragraph 3.1).253
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Figure 8: Instantaneous near-wake vortex patterns for sculling rotation around the arm base (a, c) without and (b, d)
with arm undulations, obtained with the IB approach. Instances are shown at positions of maximum amplitude (a-b)
t = 1.725 and (c-d) t = 2T (λ2 = −1). Positions at the opposite maximum amplitude are also depicted with light color,
to indicate the direction of movement and the angular span. Note that the xz−plane is rotated for better visualization
of the vortical structures.
3.4. Results of arm sculling combined with arm undulation254
The sculling rotation of the arm (motion profile of Figure 2b) was combined with a wavelike arm undulation,255
according to Equation 4 and the parameters described in Section 2.2. The time-dependent spatial deformation along256
17
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Figure 9: Evolution of vortical structures visualized according to helicity, on a fixed plane near the middle of the arm,
at a distance 0.67L from the arm base, for sculling combined with arm undulation. (Left) Positions of the arm with
respect to the plane. (Right) Helicity contours at t = (a) 2.5T (middle of downstroke), (b) 2.75T (end of downstroke),
(c) 3T (middle of ustroke), (d) 3.25T (end of upstroke). Instances in (b) and (d) correspond to instances shown in
Figures 8b and 8d, respectively. Arrows show direction of movement.
the arm’s length is illustrated individually in Figure 2d, in which the dashed lines correspond to the recovery stroke257
(upstroke, numerals from 1 to 7) and the solid lines to the power stroke (downstroke, numerals from 8 to 10). The fre-258
quencies of the arm undulation during recovery and power strokes are tuned to match up with the sculling frequencies259
( fr and fp, respectively), so that maximum arm deformation is acquired at the end of each stroke. Figure 2f illustrates260
the deformation to the arm during the sculling motion. The figure shows the deformed arm at instances where the261
activation function d(z, t) is in full effect along the entire arm. Arm positions colored with light gray correspond to262
the recovery stroke (numerals 1 to 7), whereas darker-colored positions correspond to the power stroke (numerals 8 to263
10). These positions can be tracked also in Figures 2b and 2d at the respective instances.264
Figures 8b and 8d show vortex topology at positions of maximum arm deformation. (Note again that the xz−plane265
is slightly rotated for better visualization of the vortical structures near the tip.) Compared to the results of Figures 5b,266
5d, the two counter-rotating vortices in the leeward side of the arm, with respect to the direction of motion (recovery267
and power strokes), appear to follow only loosely the deformation of the arm wall, and are more detached near the268
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Figure 10: Evolution of vortical structures visualized according to helicity, on a fixed plane near the tip of the arm,
at a distance 0.93L from the arm base, for sculling combined with arm undulation. (Left) Positions of the arm with
respect to the plane. (Right) Helicity contours at t = (a) 2.5T (middle of downstroke), (b) 2.75T (end of downstroke),
(c) 3T (middle of ustroke), (d) 3.25T (end of upstroke). Instances in (b) and (d) correspond to instances shown in
Figures 8b and 8d, respectively. Arrows show direction of movement.
tip. There is also increased separation of the flow from the tip and greater disturbance in the wake, in comparison269
to the undeformed arm at the same time instances (left column of Figures 8). Complex vortical structures generated270
in previous cycles do not appear to diffuse in time for the subsequent upstroke and downstroke. These structures are271
clearly visible in the time instances displayed in Figure 8 (right column): during the upward movement of the arm272
(Figure 8b), a small part of the large disturbed-flow structure generated in the previous cycle is drifted, while shedding273
new structures in the wake; during the the rapid downward return of the arm (like flapping, Figure 8d), the previous274
disturbed-flow structure is pushed further downwards.275
Figures 9 and 10 display the evolution of vortical structures visualized according to helicity, on fixed planes near276
the middle of the arm, at a distance 0.67L from the arm base, and the tip of the arm, at a distance 0.93L from the arm277
base, respectively. There is extensive flow separation from the arm tip throughout the cyclic motion. Near the middle278
of the arm, however, the flow disturbance is different from that of the tip. The well-formed counter-rotating vortices279
seen at this region are the main generators of thrust. These results are in consistent with the λ2 vortex topology of280
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Figure 11: Temporal variation of the propulsive force coefficient, resulting from (a) oscillation and (b) sculling of the
arm around its base, either alone or combined with arm undulations. Results obtained with the IB approach.
Figures 8b and 8d.281
4. Discussion and conclusions282
The hydrodynamic propulsive force coefficients generated in the direction of positive z (that is, towards the arm283
base) are shown for all four cases presented, in Figure 11. Calculated forces for pure sinusoidal oscillation and sculling284
are displayed with dashed lines, whereas those for rotations combined with undulations are depicted with solid lines,285
in both Figures 11a and 11b. The effect of arm undulation on the generated propulsive force is evident for both the286
sinusoidal oscillation and sculling. In sinusoidal oscillation, the increase is almost uniform, resulting in the generation287
of a small forward thrust (Figures 11a). In sculling, the effect is larger, particularly during the power stroke (Figures288
11b), producing a considerably larger forward thrust.289
Incorporation of arm deformation appears, thus, to increase the output thrust of the combined system. Indeed, a290
single arm rotating as a solid body around its base is a single-degree-of-freedom system, with a single joint at its base.291
This system adds some energy to the surrounding flow field in the form of the vortical structures seen in Figures 5a,292
5c and 8a, 8c. The prescribed wavelike undulations of the arm, however, increase drastically the number of degrees-293
of-freedom of the system, since every finite element on the arm’s surface can be thought to act as a finite joint, adding294
extra energy to the flow field (Figures 5b, 5d and 8b, 8d); and, hence, producing extra thrust. This case differs from295
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a compliant arm that would deform as a result of its interaction with the flow, and would require a fluid-structure296
interaction numerical approach to investigate.297
We are interested specifically in the prescribed activation of the arm, that would be based on realistic octopus298
arm kinematics (such as that of Figure 1), since octopus appendages are known to actively take part in many of the299
observed behaviors (e.g., arm-swimming, head-up swimming, crawling, etc.). Admittedly, these movements are far300
more complex than the simplified motion profiles we considered here. We used the immersed boundary approach in301
order to simulate the deformation of an arm during these simplified movements and better understand the unsteady302
hydrodynamics of the mechanism, since the extremely large deformations of the mesh required with body-fitted303
finite-element or finite-volume approaches, are very hard to achieve even with the most advanced mesh deformation304
techniques. It was found that the sculling motion combined with arm undulation is an effective propulsive scheme for305
an octopus-like arm. One direction towards simulating more realistic locomotion patterns is to include translation of306
the arm as a result of the generated propulsive force. This aspect, combined with a more accurate definition of the307
deformation on the arm, may provide a deeper insight underlying cephalopod-like propulsive systems. Furthermore,308
the inclusion of a second or more arms may help analyze possible interaction among different arms.309
Aiming at a computation tool able to model intense motions, as found in aquatic locomotion instances, two310
numerical methods were compared initially. The immersed boundary method demonstrates its suitability for handling311
such motions. We aim to further adjust this method for special flow characteristics of time-varying geometries under312
more complex prescribed motions.313
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